This study addresses process sequencing subject to precedence constraints which arises as a sub-problem in scheduling, planning and routing problems. The process sequencing problem can be modeled as the travelling salesman problem with precedence constraints (TSPPC). In this study a new genetic algorithm (GA) procedure is developed which includes chromosome's repairing strategy based topological sort to handle the precedence constraints and to generate only feasible solution during the evolutionary process. The procedure to select the task in sequence is based on "earliest position" techniques. This procedure is combined with roulette wheel selection, linear order crossover and inversion mutation. The effectiveness and the stability of the proposed GA are then evaluated against benchmark problems and the solutions are compared with the results obtained from research results published in the relevant literature. The developed GA procedure improved the performance of the algorithm with less number of generations and less convergence time in achieving optimal solutions. This result will greatly help to solve many real world sequencing problems especially in the field of assembly line design and management.
Introduction
The study on travelling salesman problem with precedence constraints (TSPPC) is interesting as their concept can be applied to solve many scheduling and routing problems both in manufacturing and service industry. In manufacturing industry, the problems are mostly dealing with process sequencing which arises as a sub-problem in scheduling, routing and process planning. TSP with precedence constraints is harder to solve than the general TSP because the model formulations are complex and the algorithm for solving these models are difficult to implement [1] . Since the TSPPC belongs to the class of NP-hard problem, optimal solution to the problem cannot be obtained within a reasonable computational time for large size instance [1] . There are many manufacturing optimization problems that are NP-hard, including vehicle routing problems, bin packing problems and scheduling problems [2, 3] .
TSPPC is difficult to solve efficiently by conventional optimization techniques when its scale is very large. The earliest research in TSPPC problems were solved using exact methods such as branch-and-bound and dynamic programming. However the exact methods that guarantee to find the optimal solution of the problem are only capable of handling small and medium size of instances [4] . In addition, the size of the instances that are practically solvable is rather limited and the computational time increases rapidly with the instance size. The memory consumption of exact algorithms can also be very large and lead to the early termination of a program. Therefore it is necessary to develop more efficient algorithms for solving TSPPC problems.
TSP with Precedence Constraints
The term of travelling salesman problem with precedence constraint (TSPPC) was formerly used by Kusiak and Finke in 1987 to solve machine scheduling problem using the exact method. In 2002, Moon et al. introduced more efficient method to solve TSPPC instances. In some researches, other terms are also used to represent TSPPC problem such as precedence constraint routing problem [5] , precedence constraint travelling salesman problem (PCTSP) [6] , Asymmetric TSP with precedence constraint (ATSP-PR) also referred to as sequencing ordering problem (SOP) with precedence constraint [7, 8] , pickup and delivery with time window and precedence constraint [9] , Dial-a-ride problem (DARP), and directed vehicle routing problem (DVRP) [10] .
Moon et al. [1] formulated the TSPPC as a network model. They use a topological sort technique, which is defined as an ordering of vertices in a directed graph. They proposed a new crossover technique for genetic algorithm which named moon crossover to solve TSPPC. The proposed algorithm was applied to process sequencing problem, which mainly applied to allocate assembly task in work stations [1] . They found that, the proposed algorithm came out with better solution for larger size problem compared to the traditional GA. Therefore, they conclude that their proposed GA is efficient method for the TSPPC. The proposed approach was further applied to solve process planning and scheduling in a multi-plant [11] with the objective to determine optimal schedule of machine assignments and operations sequences of all parts so that the makespan is minimized.
GA Procedure to Solve TSPPC
In this study, the proposed genetic algorithm (GA) procedure for TSPPC is a modified TSP algorithm which integrates topological sort techniques in the procedure in order to obtain feasible solution subject to precedence constraints. In TSPPC, the precedence constraints require that certain nodes must precede certain other nodes in any feasible directed tour. For this reason, the use of conventional genetic algorithm procedure for TSP, with an order-based representation, might generate invalid candidate solutions. To overcome this problem, Moon's work is benchmarked which incorporated the topological sort technique in the GA procedure to handle the constraints and to generate only the feasible solution during the evolutionary process. The chromosomes in the initial population as well as the offspring's chromosomes created from the reproduction process need to be repaired before going through the evaluation process. In Moon's algorithm, the task selection is based on the "highest priority".
Initially, a chromosome is generated randomly and may not feasible. For example the chromosome structure represented as (4 1 3 6 5 2) in Fig. 1 is infeasible because it did not satisfy precedence constraint. In order to repair the chromosome become feasible solution, route repair based topological sort is used in which tasks without predecessor are selected and store in available set. In this example, task 1 is the only task without predecessor and therefore task 1 is selected and being stored in sequence. Then the outgoing edges of task 1, which is task 2, 3 and 6, are removed. As a result, the new available set consist of task 2, 3 and 6 as displayed in Table 1 .
Fig. 1. Precedence diagram for 6 tasks and 6 precedence constraints
In this study, the selection of task to be stored in sequence is based on the "earliest position" found in the chromosome. By referring to the available set (2 3 6), task number 3 is firstly found in the chromosome (4 1 3 6 5 2). Therefore, task 3 is selected as the second string to be stored in sequence and the updated sequence is now consists of (1 3). When task 3 is selected to be stored in sequence, the outgoing edge from this task should be removed. Therefore, the edge 3 5 is removed, and new available set is consisting of (2 6). Again, based on 'earliest position' selection of task approach, task 6 is first appeared before task 2 in the chromosome (4 1 3 6 5 2) and therefore task 6 is selected to be 844
Materials Engineering and Automatic Control III placed in updated sequence. The selection procedure is repeated until the length of sequence is equal to N. The final feasible path that is generated from this approach is (1 3 6 2 4 5). Table 1 shows the selection of task based on "earliest position" in generated sequence. 
Computational Experiment & Results
To confirm that the proposed algorithm is effective in solving TSPPC, two TSPPC problems with known optimal solution are tested. The two approaches i.e. proposed algorithm and Moon's algorithm are compared with respect to the quality of the best solution and the number of generation to reach the best solution.
Test problem 1 -6 tasks & 6 precedence constraints
The first test problem consists of 6 tasks and 6 precedence constraints as shown in Fig. 1 while Fig. 2 displays the performance graph, indicating best and average transition time found in each generation for both algorithms. 
Test problem 2 -20 tasks & 31 precedence constraints
The second experiment is again benchmarked from Moon's work which involves TSPPC problem with 20 tasks and 31 precedence constraints. The precedence diagram concerning the tasks and the precedence relationship is depicted in Fig. 3 . The known optimal solution for this problem is 61 sec and the proposed algorithm is also able to produce the same result at generation 39 and this is better than Moon's algorithm which is converged at generation 76. The number of generations produced using Moon's algorithm in this thesis is different from the results reported in [1] . This is mainly because of the different parameters used and different length of coding/step involved in the program developed by Moon et al. The optimal tour obtained from both algorithms is [6-1-2-7-5-11-4-3-18-12-10-9-16-17-8-14-13-19-15-20] which is feasible and similar as reported in their paper.
Fig. 3. Precedence diagram for 20 task & 31 precedence constraints
The performance graph in Fig. 4 demonstrates the best and the average transition time found by the algorithm in each generation. In both experiments, the best transition time reduced towards optimal solution as the generation increased and finally converged at a certain generation. 
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Conclusion
The overall results of the experiment are summarized in Table 2 . The results have shown that both algorithms were capable to achieve similar quality of solution as reported in the published papers. However the proposed algorithm has better results in terms of number of generations and computation time to converge at the optimal solution. For larger size problem (i.e. 20 tasks & 31 PC), the proposed algorithm had produced better quality of solution compared to Moon's algorithm. This indicates that the proposed algorithm performs highly competitive in terms of solution quality and has better efficiency compared to Moon's algorithm. 
